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Semiconductor nanospheres were efficiently synthesized by the pulsed-laser-ablation-in-liquid
technique applied to suspensions of certain powders. The nanosphere formation is demonstrated to
follow a solid phase separation mechanism and take place in a low-temperature zone of the
laser-irradiated volume, while the high temperature and rapid cooling rate generated by pulsed laser
are crucial for the particle shape. The synthetic route is applied to different material systems and
proved to be a general way for manufacturing various high-quality nanostructures with spherical
shape. © 2009 American Institute of Physics. [doi:10.1063/1.3267298]

I. INTRODUCTION

Physical and chemical properties of nanostructures are
well known to be closely related to their size and shape, and
many fields would benefit from advances in the synthesis of
well-defined nanostructures. Among various nanostruc-
tures, nanospheres have attracted much attention due to their
remarkable properties and practical applications.3_5 For ex-
ample, the hardness of silicon nanospheres was proved to be
four times greater than that of bulk silicon;6 spherical col-
loids can serve as building blocks for photonic crystals ow-
ing to their low light scattering and high packing densities;”®
spherical magnetic particles with slippery surface are prereq-
uisite to high performance in function-specific biological
applications.9

Up to now, many synthetic methods have been devel-
oped to prepare nanospheres, among which the two most
commonly used are the glycol refluxing method and the hy-
drothermal (or solvothermal) method. Successful synthesis
of nanospheres has been achieved in many material systems
including pure metals, alloys, and chalcogenides.7’l(H3 Nev-
ertheless, the preparation of inorganic semiconductor nano-
spheres still remains a big Challenge,“"15 the main obstacles
are their high melting temperature and intense anisotropic
growth of different crystal planes, especially on small-sized
particles.16 Hence, obtaining semiconductor nanospheres
smaller than 100 nm has been seldom reported in the
literatures.' "

At high temperatures (HTs) close to the melting point,
since the surface energy anisotropy is negligible,zo’21 the
equilibrium morphology of crystals must be close to sphere.
As the temperature decreases, the surface anisotropy in-
creases, and the equilibrium shape transforms into regular
polyhedron, which is reached through surface diffusion.”*?'
However, if the cooling rate is large enough, so that the
surface diffusion is completely suppressed, the spherical
shape is believed to be retained even at room temperature.
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Pulsed laser ablation in liquid (PLAL) is a nonequilib-
rium process22 that can generate HTs necessary for the initial
formation of spherical nanocrystals, as well as high cooling
rates for quenching such nanostructures and preserving their
shalpe.23’24 On the other hand, phase separation is well known
to produce nanocrystals through the decomposition of un-
stable precursors, for example, silicon nanocrystals via the
reaction 2SiO—>Si+Si02.25 Therefore, in the present work,
we combine the PLAL technique with phase separation to
synthesize semiconductor nanospheres. First, we conduct a
thorough study on the laser-induced Si nanosphere formation
mechanism. The results reveal that the Si nanospheres form
in solid SiO matrix at temperatures close to the melting point
of silicon. We then expand this synthetic route to one more
material system and prepare SiC nanospheres. We thus dem-
onstrate that the phase separation under extreme conditions
created by the PLAL is a general way for synthesizing
spherical nanocrystals in various material systems.

Il. EXPERIMENT

Commercial SiO powder from Beijing Xmengtai Inc.
(purity 99.99%), Si powder obtained by grinding a Si wafer,
and SiOC powder obtained via a controlled pyrolysis
process26 were used as starting materials, all being
~200 mesh in size. An Nd: yttrium aluminum garnet pulsed
laser was employed to irradiate the suspension (0.2 g of pow-
der in 3 ml of liquid) in a glass cuvette for 10 min at room
temperature. The laser wavelength, frequency, and pulse
width were 1064 nm, 20 Hz, and 1.2 ms, respectively. The
laser beam with power density of 12.3 X 10° W/cm? was
focused about 5 mm below the liquid (normally de-ionized
water) surface with a spot size of ~0.2 mm.

For comparison, a rapid thermal processor (RAPID-500)
was employed to irradiate with an infrared lamp a similar
Si0 powder placed on a Si wafer. The powder was heated up
to 1200 °C from room temperature during 5 s and kept at
1200 °C for 60 s, after which cooled down to room tempera-
ture also during 5 s. The basic experimental details for all
samples are listed in Table 1.

© 2009 American Institute of Physics
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TABLE I. Experimental conditions.
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Sample Target Liquid medium Heating method Time Magnetic stirring
A Sio H,0 PLAL 10 min Yes
B Sio H,0 PLAL 10 min No
C Si H,0, PLAL 10 min Yes
D SiO N,H, PLAL 10 min Yes
E Sio N/A RTA 60 s N/A
F SioC H,0 PLAL 10 min Yes

For more convenient observation, the products were
etched in a HF solution (35.35 wt %, 1 ml) for 12 h to re-
move silicon oxides. The product morphology and structure
were determined by scanning electron microscopy (SEM,
Hitachi S-4800) and transmission electron microscopy
(TEM, FEI Technai G2 F20) equipped with a field emission
gun, and the composition was analyzed by energy-dispersive
x-ray spectroscopy (Oxford INCA) attached to the TEM in-
strument. The phase composition was determined by using
x-ray diffractometry (Rigaku D/max 2500v/pc). Magnetic
property was detected at room temperature in a physical
property measurement system (Quantum Design Co. USA).

lll. RESULTS AND DISCUSSION

Sample A (see Table I for sample description) was pre-
pared by irradiating a SiO suspension in de-ionized (DI) wa-
ter under vigorous magnetic stirring. Figures 1(a) and 1(c)
show SEM and high resolution TEM (HRTEM) images of
the sample after HF etching and centrifugation. The images
clearly prove that the agglomerated Si nanoparticles ob-
served in the product possess a spherical shape. The x-ray
diffraction (XRD) pattern [Fig. 1(b)] of the sample matches
well with the data of diamondlike Si,43 and its peaks can be
indexed as (111), (220), and (311). The broad peaks arise
from the glass matrix used to support the sample powder.
Figure 1(d) shows some irregularly shaped nanocrystals that
were also found, in small quantities, in this sample. These
nanocrystals are much smaller but also well crystallized with

Intensity (a.u.)

FIG. 1. Morphology and structure of products of PLAL-treated SiO suspen-
sion in water. (a) SEM image of nanospheres in sample A. (b) XRD pattern
of the as-prepared sample. (c) HRTEM image of a Si nanoshpere in sample
A. (d) HRTEM image of irregularly shaped nanocrystals in sample A.

the observed interplanar distances of 0.31 and 0.19 nm,
which coincide with the {111} and {220} spacings of dia-
mondlike Si, respectively.

Sample B was prepared under the same conditions but
without agitation of the liquid during laser treatment. As a
result, the nanospheres in Fig. 2(b) are less homogeneous in
size and roughly an order of magnitude bigger than those in
sample A [Fig. 2(a)]. Trregular Si nanocrystals, similar to
those in Fig. 1(d), were not found in sample B.

A suspension of Si powder in 30% H,O, was also irra-
diated by pulsed laser under the same conditions as sample
A. As seen in Fig. 2(c), only numerous irregularly shaped
nanoparticles were observed in sample C. According to TEM
analysis, they are well crystallized and, similar to those in
Fig. 1(d), demonstrate interplanar distances of 0.31 and 0.19
nm, which correspond to Si {111} and {220} atomic planes,
respectively.

Sample D was prepared by irradiating a SiO suspension
in hydrazine hydrate (N,H,, 80%), all the other experimental
conditions being the same as for sample A. As seen in Fig.
2(d), nanospheres could also be synthesized in this system,
although the liquid medium was highly reductive. In addi-
tion, there was also another phase widely presented in this
sample, which is amorphous according to the HRTEM image
[inset in Fig. 2(d)] and selected area electron diffraction
(SAED) pattern [Fig. 3(a)], while its energy-dispersive x-ray
spectroscopy (EDS) results [Fig. 3(b)] showed mainly Si
with a very small amount of oxygen.

A rapid thermal annealing (RTA) experiment, in which

FIG. 2. Morphology of PLAL products prepared under different synthetic
conditions. [(a) and (b)] Comparison of Si nanospheres in sample A and
nonagitated sample B, respectively, the insets showing their size distribu-
tion. (¢) HRTEM image of irregular nanocrystals in sample C. (d) TEM
image of nanospheres and amorphous phase in sample D, the inset showing
a HRTEM image of the amorphous phase.
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FIG. 3. Structure and composition of sample D. (a) Typical SAED pattern,
(b) EDS spectrum of the amorphous phase in sample D, the Cu signal is
from a Cu grid used to support sample during TEM observation.

high quenching rates were also reached, was carried out to
compare its results with those of the PLAL technique. Nano-
crystals with average size of 20 nm were found in sample E
after 60 s of heat treatment at 1200 °C and relatively slow
cooling down (to room temperature) during 5 s [Fig. 4(a)].

FIG. 4. Morphology of nanocrystals with facets in sample E prepared via
RTA. (a) Low magnification TEM image, (b) HRTEM image, dashed line
marks a nanocrystal with facets.
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FIG. 5. (Color online) Schematic representation of intensity distribution in
laser beam and corresponding temperature distribution in irradiated suspen-
sion. (a) Intensity distribution of laser beam, I and R standing for beam
intensity and radius, respectively. (b) Temperature zones with different
nanostructures obtained.

Noticeably, the morphology of the nanocrystals is not perfect
sphere any longer, and facets are often seen at their edge
[Fig. 4(b)].

To discuss the formation mechanism of the nanospheres,
first we briefly mention the impact of laser beam on powder
particles in liquid. It is well known that the laser beam pos-
sesses a Gaussian-like intensity distribution across its diam-
eter, as schematically presented in Fig. 5(a). This results in a
big temperature gradient inside the irradiated volume.™®
Since the pure liquid state of SiO only exists in a relatively
narrow temperature range of 1725-1861 °C,% the solid and
vapor phases are the two most likely expected when SiO
particles are rapidly heated by the laser beam. Correspond-
ingly, two temperature zones can be distinguished based on
the phase state of SiO [Fig. 5(b)]. In the HT zone, tempera-
tures are over the boiling point of the powder particles, and
thus the particles can be vaporized or even turn to plasma
state.’**! The subsequent cooling of the vapor was reported
to lead to coagulation and, often, formation of
nanoparticles.32 Thus, the evaporation-coagulation processes
are expected to prevail in the HT zone. In the low-
temperature (LT) zone, temperatures are lower than the melt-
ing point of the target material (SiO). Therefore, the solid
phase separation or phase transformation are the most con-
ceivable processes there.>** The most significant difference
between the evaporation-coagulation and phase transforma-
tion processes is that the former is influenced by the sur-
rounding environment, such as pH value of the medium,” or
the presence of surfactant,’® whereas the latter is not.

The above described results suggest that the formation of
the nanospheres takes place in the LT zone and follows the
solid phase separation mechanism. The first evidence arises
from the larger size of the spheres in sample B compared to
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sample A. With no external agitation applied, the suspension
in sample B stayed motionless, which allowed some SiO
particles to be irradiated by numerous laser pulses, although
the Brownian motion and/or convection could eventually
move them out of the irradiated zone. In the HT zone, SiO
particles (and possibly some products of SiO decomposition
from the LT zone) are vaporized and coagulate as Si nano-
crystals after each pulse, and the as-formed Si nanocrystals
and water pass through the evaporation-coagulation process
repeatedly during the following laser pulses. The final size of
the Si nanocrystals can eventually decrease down to zero due
to oxidization by water vapor during repeating coagulation
cycles, if they remain in the HT zone. Thus, the Si nano-
spheres are very unlikely to grow bigger under longer irra-
diation in this zone. Meanwhile, in the LT zone, SiO particles
can be heated to generate silicon nanocrystals via solid phase
separation mechanisms, and such Si cores can grow up con-
tinuously inside the SiO particles during the following pulses
because the solid SiO matrix can supply Si atoms via its
decomposition. This provides the continuous growth and pre-
vents the silicon cores from oxidization by the liquid me-
dium. Hence, the observed larger nanospheres in sample B
definitely support the solid phase separation mechanism and
nanosphere formation in the LT zone.

We further prove the sphere formation through the solid
phase separation by excluding the evaporation-coagulation
mechanism. Sample C was designed to simulate the
evaporation-coagulation processes by using a Si powder as a
starting material, since it does not allow for any phase sepa-
ration, and the evaporation-coagulation processes are the
only route to generate new products in this system. To com-
pensate for oxygen, released during SiO decomposition, we
used H,O, in this sample. Hence, the Si—H,0, system used
in sample C could simulate the processes that the SiO—H,O
system (sample A) undergoes in the HT zone, whereas it
could not provide any phase separation processes expected in
the LT zone of sample A. The results indicate that the
evaporation-coagulation processes (which were expected to
result in similar products in samples A and C) can only pro-
duce the irregular Si nanocrystals [shown in Figs. 1(d) and
2(c)] rather than nanospheres. In other words, the nano-
spheres are only produced by the solid-phase-separation pro-
cesses taking place in the LT zone.

Sample D provides more support to the solid phase sepa-
ration mechanism through the replacement of the liquid me-
dium. The liquid media in samples A and D differed signifi-
cantly in redox properties. Nevertheless, as shown in Figs.
2(a) and 2(d), the nanospheres were synthesized in both sys-
tems (SiO-H,O0 and SiO-N,H,). At the same time, the by-
product in these systems appears to be strongly influenced by
the redox properties of the liquid medium. In the more oxi-
dizing medium [sample A, Fig. 1(d)], the by-product is
irregularly-shaped Si nanocrystals incorporated into amor-
phous Si matrix, while in the more reductive medium, the
by-product is amorphous silicon [inset of Fig. 2(d)], and its
amount is much larger than that in sample A. This finding
suggests the by-product is generated via the evaporation-
coagulation processes which can be significantly affected by
the liquid medium. The oxidizing medium (H,O) in sample
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A could be vaporized and react with silicon in the HT zone,
giving rise mainly to silicon oxide and leaving only a small
amount of Si atoms, which appeared to coagulate and, par-
tially, crystallize as irregularly shaped nanocrystals well seen
in Fig. 1(d). In contrast, the reductive medium (N,H,) in
sample D was expected to react, during quenching, with oxy-
gen (from SiO decomposition) in the HT zone, producing
water and a large amount of silicon. Due to the high cooling
rates provided by the PLAL, such Si atoms were quenched
by the liquid and coagulated as amorphous phase which is
well observed in Fig. 2(d).

Next, we discuss the decisive factors for the spherical
shape of the nanocrystals. The growth time (1 min) for the
nanocrystals in sample E prepared through the RTA method
was significantly longer than that for the nanospheres in
sample A, where a pulse period was ~1/20 s, and each SiO
particle was likely to be irradiated by a single laser pulse due
to vigorous stirring. However, the nanocrystals in sample E
are smaller than those in sample A [Figs. 4(a) and 2(a)], thus
implying much higher growth rates in the PLAL process.

Silicon nanocrystals produced by phase separation of
SiO are known to follow a diffusion-controlled growth, in
which the growth rate can be described as”’

(g) _ Dy exp(- Q/RT)(E)
i), C’-c ar ),

where r; is the initial silicon cluster radius, D, is the
prefactor of the diffusion coefficient of Si in SiO,, C“ is the
composition of stoichiometric SiO,, C? is the composition of
silicon cluster, and C is the composition in the oxide matrix
near the silicon cluster, Q is the activation energy of Si dif-
fusion and R is the universal gas constant, and 7 is the ab-
solute temperature. For a given SiO, system, all the param-
eters are constant except for the temperature.

The above formula indicates that high growth rates of Si
nanocrystals in SiO matrix are associated with high tempera-
tures. Therefore, we can deduce that the nanospheres in the
PLAL experiments grew up at higher temperatures than that
in the RTA experiment (1200 °C). The growth temperatures
were thus close to the melting point of crystal bulk Si
(1412 °C), where its nanoparticles are believed to have very
small surface anisotropy and form as spheres. After the with-
drawal of a laser pulse, the hot (spherical) particles were
immediately exposed to a cool liquid medium, with a huge
temperature difference causing very high cooling rates. As a
result, the Si nanospheres in their matrix particles were
quenched, and their perfect round shape was thus maintained
intact down to room temperature. In contrast, the cooling rate
in the RTA was much lower than those in the PLAL. There-
fore, the surface diffusion could still proceed during the cool-
ing stage, which led to irregular shape of the particles in Fig.
4, with many facets approximate to the equilibrium shape at
room temperature.

We measured the magnetic property of silicon nano-
spheres at different temperatures, as shown in Fig. 6. The
sample exhibits diamagnetic and ferromagnetic features at
room temperature (300 K), but paramagnetic property at LT
(5 K). The unusual ferromagnetic property has been recently
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FIG. 6. Magnetic properties of the sample containing silicon nanospheres,
(a) at 300 K and (b) at 5 K.

found in etched silicon, and was attributed to the contamina-
tion by iron metal;Sg’39 however, iron element has not been
found in our product [see Fig. 3(b)]. We propose that the
ferromagnetic signals may arise from both quantum size ef-
fects and the magnetic coupling between nanospheres, simi-
lar to the case in the germanium quantum dots.*” The para-
magnetic property at LT may be caused by the defects in
silicon nanospheres or the surface atoms of silicon contain
unpaired electrons.*' Nevertheless, the precise mechanism is
not yet known, and need further investigation.

The above discussion demonstrates that the PLAL tech-
nique possesses the unique capability of preparing regularly
shaped nanospheres by treating materials prone to solid
phase separation. Below, we further expand this method and
apply it to the SiOC system, producing SiC spheres via the
phase separation. Amorphous SiOC is well known to be
separated into SiC, SiO, and C under heat treatment.*”
Therefore, to prepare sample F, we treated a suspension of
SiOC powder in DI water, applying the same process condi-
tions as those for the Si nanospheres (see Table I).

The starting SiOC powder was predominately amor-
phous according to the HRTEM image [Fig. 7(a)] and XRD
pattern [Fig. 7(c)]. After laser ablation of its suspension in DI
water and etching in HF acid, the sample demonstrates a
diversiform appearance, where numerous crystalline particles
with round shape are embedded in a network matrix, as seen
in the TEM image in Fig. 7(b). The XRD patterns in Fig. 7(c)
confirm the transformation from amorphous to crystalline
during the laser irradiation of the SiOC suspension. The
structure of the crystal phase matches well the fcc structure
of SiC,** as the new arisen peaks in Fig. 5(b) can be indexed
as (111), (200), (220), and (311). The EDS spectra in Fig.
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FIG. 7. (Color online) The raw SiOC material and product of PLAL-treated
SiOC suspension in water. (a) TEM image of amorphous SiOC powder. The
inset shows a HRTEM image. (b) TEM image of SiC nanospheres with
carbon network in sample F after HF etching, (c) XRD patterns of raw SiOC
and sample F, and (d) EDS spectra (probe size 40 nm) of raw SiOC and
etched sample F taken over the two regions marked in (b).

7(d) show that the nanocrystals are mainly composed of sili-
con and carbon, while the surrounding matrix is based on
carbon. The small Si signal, also detected in the matrix re-
gion (II), is likely to arise from fine SiC clusters embedded
into the carbon network.

The round nanoparticles in Fig. 7(b) are single crystals
with the interplanar distances observed to be ~0.25 and
~0.22 nm [Fig. 7(b), inset], which is consistent with the
interplanar distances for SiC {111} and {200} planes, respec-
tively. Thus the combination of XRD and HRTEM analyses
allows to conclude the particles under consideration are SiC
nanocrystals, which agrees well with the EDS spectrum
(from region I) in Fig. 7(d). The above results strongly sup-
port the PLAL-induced solid phase separation as a general
and effective way toward various nanospheres with regular
geometry. And thus other sphere-shaped nanomaterials are
likely to be prepared by this technique in the future.

IV. CONCLUSIONS

We carry out a detailed analysis of the new approach for
the large-scale preparation of nanospheres. The technique
combines the PLAL with solid phase separation of a target
material. The growth mechanism for Si nanospheres pre-
pared through this method is proved to be a typical solid
state phase separation in a lower-temperature zone of the
laser-irradiated suspension of SiO in liquid, while the high
temperatures and rapid cooling rates generated by pulsed la-
ser are crucial for the formation and quenching of the nano-
spheres. Following the same procedure, SiC nanospheres
have been synthesized by irradiating an amorphous SiOC
powder suspension in DI water under magnetic stirring.
Combining the advantages of conventional phase separation
and laser ablation with low instrumental temperatures and
inexpensive precursors, while being a much more straightfor-
ward and rapid process, the laser-induced phase separation
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appears to be a very promising technique for preparing
spherical nanoparticles, which can be expanded to other ma-
terial systems.
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